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Abstract

This SBIR project investigated design tradeoffs involved in the construction of a compact mid-
infrared lidar suitable for deployment on a small Unmanned Aerial Vehicle (UAV). The
prototype sensor assembled under the Phase II program is capable of airborne chemical detection
with a sensitivity in the low ppm-m range by means of the infrared differential absorption
technique. The system incorporates an optical parametric oscillator (OPO) based laser transmitter
capable of random access wavelength tuning in the 3.2—3.5 um wavelength band at the pulse
repetition rate of 100 Hz. Wallplug transmitter efficiency approaches 0.5% with pulse energies
of 1 mJ. The prototype system uses a wide-angle 2-inch aperture optical receiver which enables
an effective standoff range up to 150 m. Airworthiness of the compact lidar system has been
proven in flight tests using a turbine engine helicopter as the airborne platform.

it



List of Acronyms

ALPIS®
AOTF
CPU
DAQ
DARPA
DEM
DIAL
DISC
DMA
DoD
DPSSL
EMSS
EO

FCS
FTIR
GIS
GPS
InSb
10PO
IR

KTA
KTP
LIDAR
LOS
MANET
Nd:YAG
OPO
OS
PPLN
PRF
SBIR
TEC
TIC
UAV
uT
VOC

Airborne Lidar Pipeline Inspection System
Acousto-Optic Tunable Filter

Central Processor Unit

Data Acquisition

Defense Advance Research Projects Agency
Digital Elevation Model

Differential Absorption Lidar

Differential Scattering

Direct Memory Access

Department of Defense

Diode Pumped Solid State Laser
Enhanced Mobile Satellite Services
Electro Optic

Future Combat Systems

Fourier Transform Infrared Spectrometer
Geographic Information System

Global Positioning System

Indium Antimonide

Intracavity Optical Parametric Oscillator
Infrared

Potassium Titanyl Arsenate

Potassium Titanyl Phosphate

Light Detection and Ranging

Line of Sight

Mobile Ad-hoc Networking

Neodimium Doped Yttrium Aluminum Garnet
Optical Parametric Oscillator

Operating System

Periodically Poled Lithium Niobate

Pulse Repetition Frequency

Small Business Innovative Research (Program)
Thermoelectric Coolers

Toxic Industrial Chemicals

Unmanned Aerial Vehicle

Universal Time

Volatile Organic Compounds

1A%



Table of Contents

ADSIFACT ...ttt ettt e te ettt et et s n et e s et e s e s esses e et e R at e een st ete et e ntetenntene HI
LISt OF ACTOTIYINIS c.vviuiirieieteietestste st e et ts et e e e s e e e ee b et et e s esesbeseeseesentene emsaseneesenbesbasaensesaencs v
LISt OF FIUIES 1.uttietiieeiecti ettt ettt ettt ettt et e saesbesbeesassssetesbeeenesesssbeetseesseesnesasassans Vi
LISE OF TADBIES ...ttt et ettt et sa e se e ses e st eaese e b st nsesaene VII
T IDTrOAUCTION ettt et ettt ete st aesbe e e saets et e besbas e seaatneeseersenseeneennereress 1
2 Methods, Assumptions, and ProCedUIes .........cecvevuiivieeeireeereeeieeeesretreereceese st esssesneesrnasseens 2
3 Results and DISCUSSION .....ecueerriiereiiiiicises st sttt stese s re sttt e et et et e e sbaeneenesis 6
3.1 Mid-Infrared Laser SOUICE.........ccuivieririirereie e ereesirtieresae e see e eseesecreesee bt sre s saessaesnenne 6
3.1.1 PUMP LASEE .. vviiiiiieiiieiierie ettt se et et sas e e e see s seneesbeasbeessenesnsaeesnsanseees 6
3.1.2 Laser CoOlNG SYSTEIM .coueeiiuiiiienienienienesieesesieseeseesrestessaeseseeeseeseeseesaeseesreessessaessesses 7
3.1.3 OPO .ottt et bbb i
3.14 Crystal SeleCtion .....covivueeieeiieiicier et sr s e et et eeee e 12
3.1.5 OPO Linewidth Considerations ........cccuevueveieeeeerenerueriereesiessesesessseeseessessnssees 13
3.1.6 OPO TUNING ..ottt ettt ettt et erteas et e s bes e sresaeeme e senessnesresses 14
3.1.6.1 Review of the OPO Tuning Methods.........ccocevurinernnniiiciiinncnenenececeeenennes 14

3.1.6.2  Angular Tuning of the OPO..........ccoimiiiieiiieciieiee et cne e 17

3.1.6.3  Crystal Mount Design and Moment of Inertia..........c.coeccevceniecnicnncnccnncnnnne. 18

3.1.6.4 Galvanometric Tuner Characteristics .........coevueverumrerienresenrcerinnreneneeeeeneecenes 20

3.1.6.5 Accuracy and Adequacy of Position Feedback Signal .....c.c.ccccerveveciceinennnnn. 22

32 RECEIVET DIESIZN cuuviitieeiiiiicieeece ettt et et s et et seae e s esba s e essaanssaensessens 23
33 Overall System Layout and Parameters.........co.cvveererieeierienvereessennieesesseenseesssesseessnenns 24
3.4  Onboard System Controller ...........ccccevverrurereecrenenn. eeereereeete e e e ere e e e cesteesnaaesaneent 26
3.5  Real-Time Communication and Data Reporting ...........c.ceceueeecieirneninneniiicecnecennnns 31
3.5.1 Data Types. Bandwidth Requirements Analysis .......c.cccceveeveeeeeenenininicnenseenens 32
3.5.2 Low-Level Networking. Methods of Wireless Communication.........c..coeeecvenneee. 34
353 High-Level Network and Software Architecture..........coceeeevevennnnnnnncneenec e 37

3.6 System Testing, Calibration and Verification..........cceeieveirereneenesinsieseeneneesseeneennenee 39
3.6.1 System Spectral Calibration:........ccecceveveninienienenerenenrcn s 39
3.6.2 Ground-based SYStem teStING ......coevveeirirerierieieeteee et eenesaesaens 41
3.6.2.1 Ground-Based Testing: Methane .......cccccccevivieieieieiniineesnceecenieseeeteeeeeeeeeees 41

3.6.2.2 Ground-Based Testing: Diesel Vehicle Emissions.......c.ccccecevvviivinenciccinnnnne. 43

3.6.3 ATTDOINE TESHNG ..veveereerieiiictieeet ettt sttt ettt se et bebe et ss et saeeree e enesnen 44

3.7 Mid to Near Infrared Up-Conversion Demonstration............ceccuvveemeeierneiresiniirinennn 47
3.7.1 BacK@round .......cuoieiiieiiiecicicte ettt ettt ettt 47
3.72 Optical Design of the Up-COnverter.........ovveveireieveerineneniecinenseneeneeensesnenens 48
3.73 Conversion EffiCIENCY .....ccocuiiiiiriniiiieteree ettt 50
3.74 Up-Converter Solid Acceptance Angle .........cocovvveiinnininnnnnneiieeceniecee e 51
3.75 Up-Converter Spectral Acceptance Bandwidth .........cccoveeiniiiiniinincciniencnnnn. 54
3.7.6 Pulsed Mid-IR Optical Up-Converter EXperiments........c.ccccveverveeernnerienieeeiinens 56
3.7.6.1  Experimental Setup ......coceceivireiiiint ettt s s 56
3.7.6.2 Black Body Up-Conversion TeStS ......cc.cceveverrecerinmiierenenieniiisesnsessieienens 57

4 CONCIUSIONS ...ttt sttt st eb et e e e et sbesae e be e setsbeebesbesatsan st esasessenaes 59
RETEIEIICES ... cvevtuiiiiieee ettt et a s et a b se et eae st s et be e sasesteaesasenns 60



List of Figures

Figure 1. DIAL and DISC lidar principle. ......coueeveerreneneneeneene et sesenesnens 3
Figure 2. Diode pumped solid-state 1aser head............oeoveeevterenniieirenertrtere st cveenenes 7
Figure 3. Compact cooler block diagrami.........coeveeercereererreerieenieieetiesisssci e 9
Figure 4. External (a) and internal cavity (b) OPO configurations.......ce.ceeeveeenrervenenceneeenueninne 11
Figure 5. KTA tuning curve. Phase-matching in the xz-plane. (1) idler wave, .......cccccevvccvvernencee. i3
Figure 6. LaSen’s mid-infrared OPO/tuner design based on an intracavity AOTF..................... 16
Figure 7. Opto-mechanical angular tuner used in LaSen’s Lidar Il system. ........cccvcvvvvuecninennene. 17
Figure 8. A high speed OPO angular tuner using a galvanometric scanner. ...........cecevccveececuccnn 18
Figure 9. Mechanical design of the KTA crystal mount.......cc.ccoceeeeveeieeneesneeseneneeneceeeceneanes 19
Figure 10. Receiver optical IayOUL. ...cccoivieireiriierinteecreirte ettt s sesn et seereseseane 24
Figure 11. Overall system Jayout. .....cccceciiirininnererec et scatsee e e 25
Figure 12. Onboard controller architeCture. .........ccoeeoeuerieeerreerrcectee ettt ettt ee 30

Figure 13. Lidar controller timing diagram. (a) analog input gate of the DAQ cards, (b)
galvanometer advance, (c) laser diode current gate, and (d) Q-switch gate. Curve (e) shows

a typical Signal WavefOIm. ......cccooiiirere ettt st e 31
Figure 14. Data eXChange OVEIVIEW.......cccuueiiriniineriiiies et eetricses st s s st e see et e cnesseeseeseeneens 32
Figure 15. Communications architecture for airborne Hdar.........ccoeeveveveccrirvicnienincnininicnnns 37
Figure 16. Compact airborne lidar network StrUCtUIE. ......ccevrerueeerereeicre et 38
Figure 17. Sample report demonstrating layered presentation of various types of data by GIS

SOTEWAIE. .ttt e et sttt ettt e be b e bt s e e sate et e b et neanens 39
Figure 18. Methane absorption spectrum through a 270 ppm-m absorption cell as a function of

raw galvanometer POSILION COUNLS. ...uveruereririerirereesieneeererieeeensessreseesceneessesesseeseesaeesuessessesness 40
Figure 19. Spectral calibration fUNCHON.......ccceveeireriiee ettt et ese e enes 40
Figure 20. Transmission of a 100-m long path containing 1.7 ppm concentration of methane and

20000 ppm cONCENLIALION Of WALET. ....ecverureirirrrrereereesetrestesessestesesreteseereeseesesreenessessssnesnenes 42
Figure 21. Transmission spectrum of diesel truck emissions (blue) and neat diesel fuel in a

calibration Cell (T€A). ..cevuiririeeeieir et e see st s e e e eens 43
Figure 22. Helicopter flight path superimposed on the area map. A red flag symbol marks the

POINt Of MENANE TEICASE. ...evverrerrerrerrerrenrieteteterieetrssteeeeeetee st se et assa st e s beseeseeeseeseassessases 45
Figure 23. Differential absorption signal in the methane release test. X—pulse number, Y—

differential abSOIPLION FAtI0.....coieuierierere e e st et eens 46
Figure 24. Visual (right) and infrared (left) images of a 100-scth methane release............c........ 46
Figure 25. Up-converter Optical 1ayOUL. ..cceveererireeieee s e st sttt e caenseseesieeesesseseenss 49
Figure 26. Tangential phase matching geometry in lithium niobate. .......cceoeveveeerrreneeerreneeirniennn 52
Figure 27. Phase mismatch as a function of the infrared angle deviation. .........cceeveecereeinncnncns 54
Figure 28. Spectral acceptance bandwidth of a lithium niobate up-converter.........coccoereeuceenenee. 55
Figure 29. Optical layout of the up-conversion exXperiment. ........covveeeeerrereruereseeresereencrcrecnesucens 56
Figure 30. Up-converter mechanical 1ay0uL........oveueerieeeieninencnininerreneseeesceeiee et 57
Figure 31. Spectral tuning of up-converted radiation from a black body source. The pump beam

external angle is 6. (1) @ =11°,(2) 8 =5°,(3) @ =4°. oot 58

V1



List of Tables

Table 1. Optical properties of the KTA Crystal.......cocceeverieeeeerieesieeerrssesresseersseeesseseassensanes 12
Table 2. Calculated moment of inertia of KTA and mount assembly ........cccoeevevirvevrrencnnennencen 19
Table 3. Step-and-settle tuning response for the LBS-6124 galvanometer. .........cooovceveevcerennnnnes 20
Table 4. The maximum frequency of motion for LBS-6124 galvanometer. ...........ccourveereiverenne 21
Table 5. Comparison of various System StanAards..........ccvcvererrrvereeriereessrrereereessessesesesesenssesacans 28
Table 6. Lidar data package. .....cceeeiiveerrireitireieccereccr et et es et b s es e s s anennes 33
Table 7. Comparison of common streaming video compression methods. ........cccoveeeeererveninnnes 33
Table 8. Specifications of NovaRoam EDIOOTM.......ccccoeevererieereenarresesnesesreessesensneseesseneessenseens 35
Table 9. Performance of NovaRoam EDYO0TM. ......cccecervuriinremiucrinerenrenrineceeeensenesecneeeevsnnes 35
Table 10. Specifications of satellite module for 1CS by Level 3 communications..........ccceveeeue. 36
Table 11. Specifications of Iridium 9505 satellite terminal..........ccceeeeeieurviiencrnrenrnicnneernecinnnnes 36

Vil



1 Introduction

The military technology of today would be unimaginable without a multitude of electro-optical
(EO) sensors. From laser rangefinders to night vision goggles and thermal infrared imagers,
electro-optical devices perform a number of crucial functions on the modern battlefield. It is safe
to predict that the military use of EO technology will only expand in the future.

Of particular interest for future combat and reconnaissance missions is an emerging class of
electro-optical sensors which ascertain chemical composition of battlefield objects by performing
what is essentially a remote spectroscopic measurement. A general principle of spectroscopy is
that light waves reflected, transmitted or emitted by an object carry its unique fingerprint (called
spectrum). Thus, by analyzing light received from the object, it is possible to ascertain, in many
cases remotely, the object’s chemical composition.

Chemical EO sensors can generally be classified as passive or active depending on whether or
not the sensor contains an illumination source. Passive sensors, such as Fourier Transform
Infrared Spectrometers (FTIR) and hyperspectral imagers, employ the naturally occurring
background radiation and self radiance of objects. In contrast, the active sensors provide an
independent illumination source typically in the form of laser radiation.

The active laser-based sensors typically operate in one of the two regions of the infrared (IR)
spectrum: mid-wave IR (3—5 pum) and long-wave IR (8—12 pm). The mid-IR range is
spectroscopically significant due to the fact that frequencies of absorption transitions associated
with C-H, O-H and N-H bonds fall into this range. Since these types of bonds are ubiquitous in
organic compounds, both natural and man-made, the mid-IR region provides access to a number
of important military targets, including various paints and coatings, fumes, engine emissions,
chemical and biological warfare agents.

The Future Combat Systems (FCS) will greatly benefit from a chemical remote sensor that
combines the power of infrared laser sensing technology with the mobility of an Unmanned
Aerial Vehicle (UAV) platform. Such a sensor will provide a persistent look at the battlefield,
aiding in the detection and identification of targets and threats, while performing these functions
from a safe standoff distance.

The Phase 11 SBIR effort was to evaluate the potential for a mid-IR airborne chemical sensor
compatible with the payload requirements of a small UAV. Such a task poses a number of
technical challenges that were addressed in the present research. The biggest challenge is to
manage mechanical (weight and size) and electrical (power consumption) overhead associated
with generating sufficient laser power in the IR.

Requirements on the transmitted laser power can be conceivably alleviated if the system’s
detector is improved. To this end, a secondary effort under the DARPA project was to evaluate a
particular optical technique that promises an increase in the sensitivity of infrared signal
detection.



2  Methods, Assumptions, and Procedures

The military action following the events of Sept. 11, 2001 has put intelligence, surveillance and
reconnaissance in the spotlight. It has highlighted the need to persistently monitor the battlefield
to locate enemy targets by day or by night. The U.S. adversaries have become more successful in
developing not only unique methods of destruction, but also more sophisticated means of eluding
detection. Presently, there exists an acute need for tactical reconnaissance and airborne
surveillance technologies that can overcome camouflage, concealment and deception [1].

The rapidly increasing use of Unmanned Aerial Vehicles (UAVs) makes them attractive
platforms for deployment of airborne reconnaissance sensors. The remote command and control
capability offered by these systems eliminates the need to put a human operator into harm’s way.
A number of UAVs presently exist, both domestically and internationally. Their payload weight
carrying capability, their accommodations (volume, environment), their mission profile (altitude,
range, duration) and their command, control and data acquisition capabilities vary significantly.
While high performance platforms such as the RQ-1 Predator can carry a payload of up to 450
pounds, they also have a significant cost (in the tens of millions of dollars range) associated with
them [2]. Therefore, the sensors deployed on the high performance UAVs may be limited to
long-range operation from the target in order to stay outside the range of the enemy’s weapons.

On the other hand, an increasing number of smaller, far less expensive UAVs have become
available in recent years, and more of such platforms continue to appear on the market [3]. The
payload capability of these systems is typically in the few pounds to tens of pounds range with
the price starting well under $100K. The relatively low profile and cost of these platforms will
allow them to penetrate deeper into hostile airspace and interrogate potential targets from a
closer range. A network of deployed sensors can provide a persistent and comprehensive
coverage of the battlefield, satisfying the need for information by day or night.

Remote sensing in the infrared can greatly increase the capabilities of tactical airborne
reconnaissance systems. By processing information from a wider range of the electro-magnetic
spectrum than the one accessible to human eye, infrared remote sensors can assess such target
properties as thermal state, chemical composition and volatile emissions. When the full power of

optical remote sensing is brought to bear, the enemy’s possibilities for evasion of detection are
drastically reduced.

Laser based (active) remote sensing technologies have distinct advantages over the passive ones.
For example, observation using an active system is not dependent upon object emissivity,
temperature or on external natural illumination, as is the case with a passive sensor. Also,
conventional passive sensors frequently rely on geometrical shape for target recognition. In
contrast, an active multi-spectral sensor would use the spectral characteristics of the target. This
could be particularly advantageous in situations where the target is heavily concealed and could
also significantly decrease the sensor spatial resolution requirements. Well-established,
exploitable phenomenology, reduced sensitivity to ambient illumination levels and lowered
spatial resolution requirements all combine to make active multi-spectral sensing an attractive
candidate for finding and identifying heavily concealed targets.



A number of physical mechanisms can be used as the basis for laser-based chemical remote
sensing. Of these, differential absorption lidar (DIAL) and differential scattering (DISC) offer
the highest sensitivity due to the strongest material response. Other laser-based techniques, such
as fluorescence and Raman spectroscopy have orders of magnitude less sensitivity.

Any lidar system consists of two major parts: transmitter and receiver (Figure 1). The transmitter
is typically a laser or laser-based source of optical radiation. Light generated by the transmitter is
emitted into the atmosphere as a collimated beam. As this beam propagates away from the
source, some of the radiation will be scattered back toward the receiver by objects in the beam
path or by the atmosphere itself due to Rayleigh and Mie processes. Additionally, light waves
will interact with molecules of chemicals present in the beam path. These interactions can
attenuate the intensity of light (absorption) or change its frequency (inelastic scattering). In either
case, the properties of light returning to the receiver will be changed in a unique way. The
receiver usually incorporates a large collecting optic, which focuses the backscattered light onto
a sensitive detector. Knowing the physical laws that govern scattering and absorption processes,
it is possible to make a remote quantitative measurement of chemical concentrations by
analyzing the properties of collected light.

Laser . Recelver
Source LIDAR AN ;

“Target

Figure 1. DIAL and DISC lidar principle.

In the DIAL method, the transmitter generates light pulses at two optical frequencies. One
frequency, the so-called "on-line", is chosen to coincide with a particular absorption line of the
chemical of interest. The other frequency called the "off-line" is tuned away from the absorption
peak and serves a reference. If the two frequencies are spaced closely enough, then they are
completely equivalent except for the way they interact with specific molecules. When the return
energy at the on-line and off-line is compared, a lesser energy of the on-line signal would
indicate the presence of a particular chemical in the area interrogated by the beam. More
precisely, the logarithm of the ratio of energy returns at the on- and off-lines is representative of



the chemical concentration in the beam path. Due to the high signal strength, the DIAL technique
has superior sensitivity compared to fluorescence and Raman lidars. For DIAL detection of
hydrocarbons, including volatile organics, the 3—S5-um spectral region is particularly attractive
as many molecules have strong and well defined absorption features in this region.

Laser-based remote chemical sensors typically operate in one of the two atmospheric
transmission windows: the mid-wave IR (3—5 pm) and long-wave IR (8—12 pm). Typically, a
laser sensor can cover a smaller subset of the transmission region depending on the tuning band
of the laser source. This inevitable reduction in spectral coverage is more than compensated for
by the far superior spectral resolution which translates directly into detection and discrimination
capability. Depending on the design, the resolution of active sensors as determined by the laser
linewidth can be anywhere from a few wavenumbers to a fraction of a wavenumber.

The principal laser source for the long-wave IR region is the venerable CO, laser. This laser can
be conveniently tuned over a discrete set of emission lines covering the long-wave IR region.
However, due to its large size, weight and power consumption, the CO; laser does not lend itself
to applications demanding lightweight and compact devices. The solid state laser technology for
generating long-wave IR is still immature and usually involves a two stage conversion process,
which decreases the overall device efficiency dramatically.

On the other hand, the 3—5-um region is readily accessed with optical parametric oscillator
(OPO) based laser sources. In recent years, the interest in mid-IR OPOs has been burgeoning due
to the advent of new nonlinear conversion crystals, pumping sources and tuning mechanisms. A
plethora of OPO devices has been demonstrated, ranging from ultra-compact microchip-type
devices to the powerful multi-watt systems [4,5]. The efficiency and parameters of mid-IR OPOs
are continuously improving, while their cost is steadily decreasing.

The utility of the mid-IR spectral region goes far beyond the availability of an efficient laser
source. It is undisputedly the region of choice for the detection of volatile organic compounds
(VOCs) and Toxic Industrial Chemicals (TICs) via the differential absorption method. Due to the
uniqueness of absorption signatures, the mid-IR spectral region is frequently referred to as the
“fingerprint region” for VOCs. Emissions from running engines, fuel and oil spills, effluents
from facilities involved in storage and production of chemical and biological weapons are all
prime candidates for detection in the mid-IR.

Chemical warfare agents are also known to possess mid-IR signatures. Although spectral data
pertaining to the agents themselves is not available in open literature, a correspondence has been
established between the spectral properties of chemical agents and their simulants [6]. Based on
this correspondence, we can state that a number of chemical warfare agents possess unique
spectral signatures in the mid-IR which can be exploited for their detection and identification.

A less recognized fact is that the mid-IR region also has utility in detecting aerosolized
biological agents through differential scattering. Conventionally, the long-wave IR region is
considered the primary region for bio detection. However, in a study conducted by Lawrence
Livermore National Laboratory (LLNL), a mid-IR frequency agile lidar (FAL) has been
successfully used to discriminate between biological and non-biological aerosols [7]. In a similar



experiment, LaSen has recently used its compact mid-IR chemical sensor (Lidar II) at the
Edgewood Chemical and Biological Center (ECBC) aerosol test facility and the results were in
agreement with the LLNL data.

From the foregoing discussion it is clear that a mid-IR active multi-spectral sensor can perform a
number of functions critical to current and future DoD missions. Such a sensor deployed

on a small UAV can provide a relatively inexpensive and effective means of monitoring the
battlefield, gathering intelligence information, locating and cueing various targets.

Unfortunately, the mid-IR active sensor technology suitable for deployment on small UAVs does
not exist at present.

The greatest challenge in deploying a mid-IR laser sensor on a small UAV is to match the
sensor’s operational characteristics to the platform’s payload capability. To perform any of the
above functions in a complex battlefield environment, the sensor must acquire and process
information at a high rate, requiring thousands of laser pulses to be fired each second. A high
repetition rate laser inevitably generates significant amounts of waste heat that must be disposed
of properly. Liquid cooling systems conventionally used for high-repetition rate lasers are often
bigger and heavier than the equipment being cooled. The cooling requirement can be alleviated
at the expense of reduction of the output power; however, this could in turn limit the system’s
range and sensitivity. A careful analysis and optimization of all the sub-systems is required to
make the technology viable for small UAVs without compromising the performance.

Leveraging from LaSen’s extensive experience in building compact, airworthy laser remote
sensors, under the Phase Il DARPA SBIR program we developed a prototype compact mid-IR
active sensor that has the potential for future integration onto small UAV platforms. The
resulting sensor achieves a high-speed mid-IR frequency agility in a small weight, size and
power envelope, making it suitable for a large number of potential airborne platforms. We
anticipate the production cost of the sensor to be under $150K, which is comparable to the cost
of passive airborne sensors employed today.



3 Results and Discussion

3.1 Mid-Infrared Laser Source

Lasers have long since become standard items in a large number of military systems. Modern
target designators, communications networks and rangefinders (to name just a few examples) all
employ lasers. However, the laser technology required for a remote chemical sensor is
significantly different from conventional military grade lasers. The biggest difference is in the
fact that chemical sensing requires the laser source to be tunable, i.e., it must have the capability
to shift the frequency of the output radiation over a relatively wide spectral range. Furthermore,
frequency changes must be accomplished in a short time interval, typically no more than a few
milliseconds. Such properties are collectively referred to as frequency agility.

If we combine the frequency agility characteristic with other properties expected in a military
grade laser system such as ruggedness, compactness and efficiency, one ends up with a daunting
engineering task. The scope of the DARPA project with its emphasis on the overall system
engineering aspect did not permit us to investigate drastically new approaches to laser design,
such as high power infrared semiconductor lasers. Instead, under this project we evaluated the
state-of-the-art design options for tunable mid-IR laser sources.

One approach that has long been recognized for its utility in producing widely tunable infrared
radiation uses the principle of Optical Parametric Oscillator (OPO). The OPO is a nonlinear
optical device that converts the beam of a fixed-frequency pump laser into two secondary beams
called signal and idler whose frequencies can be adjusted (tuned) by various means. This is
currently the only mature technology for producing widely-tunable, moderate average power
coherent infrared radiation, albeit at the expense of a relatively low overall conversion
efficiency.

3.1.1 Pump Laser

The choice of pump laser is driven by the wavelength, efficiency and design considerations.
Under the DARPA project, we have opted for Neodimium-doped Yttrium Aluminum Garnet
(Nd:YAG) diode-pumped solid state laser technology (DPSSL). These lasers are widely used
commercially, which makes them affordable, readily available and easily configurable to meet
the specific needs of an R&D project. The Nd:YAG material’s primary laser transition is at
1064 nm and the strongest absorption band is centered at 808 nm. One of the biggest advantage
of the Nd:Y AG laser material is that it can be directly pumped by high power semiconductor
laser diodes. Thanks to diode pumping, the Nd:YAG laser provides reasonable electrical-to-
optical efficiency (around 20%) even without meticulous optimization.

Our pump laser uses a custom built DPSS laser head from Paradigm Lasers, Inc. (Figure 2). The
Nd:YAG crystal is shaped as a cylindrical rod with dimensions of 3 mm x 63 mm. The pump
semiconductor laser arrays encircle the rod in a sleeve-like configuration, which ensures a
symmetrical pattern of laser gain. This is the radial pumping configuration which the



manufacturer considers proprietary. The body of the laser head is made out of delrin plastic to
ensure electrical isolation. The head has electrical connections for drive current and input/output
ports for the liquid cooling system.

Figure 2. Diode pumped solid-state laser head.

3.1.2 Laser Cooling System

Due to the large heat dissipation requirements of the Nd:YAG laser head, it was determined that
an active liquid cooling system was needed for the prototype compact airborne lidar system.
Several cooling options were analyzed, taking into consideration: (a) heat dissipation load, (b)
power consumption, (c) weight, (d) dimensions, (e) mechanical vibration, (f) anticipated
environmental conditions in the field, and (g) FAA requirements. Two primary cooling
techniques were considered: vapor compression refrigeration and thermoelectric.

Cooling systems based on vapor compression refrigeration principles are generally more
efficient. They are also better suited for operation in hot weather conditions due to a high heat
dissipation efficiency even when the heat exchanger is very hot (more than 100 °C).
Additionally, some commercial off the shelf (COTS) models currently available can, with certain
modifications, be used in the system. However, COTS units that meet all of the requirements
listed above are not readily available. A major disadvantage of a vapor compression refrigeration
cooling system is the strong mechanical vibration of the (diaphragm) compressor unit. This
vibration makes the integration of the cooler into the lidar package extremely difficult. A new
type of compact vapor compression refrigeration cooler was recently developed, which is based
on a rotary pump. These pumps are virtually free of vibration when compared to that normally
associated with a diaphragm pump. Unfortunately, these types of units are generally not

available for non-military applications at this time, but will be considered for future development
as they do become available.



Thermoelectric-based coolers are less efficient and consume substantially more current to drive
their Peltier elements (typically 20—30 A). Also, the operational temperature of the
thermoelectric elements cannot exceed a critical point (approximately 75 °C), above which the
elements become irreparably damaged. This severely limits their heat dissipation efficiency in
hot weather conditions. Additionally, their cooling efficiencies drop almost linearly as ambient
temperature rises. As a result they are more suitable to operation in cooler weather conditions.
However, thermoelectric coolers do have significant advantages over their vapor compression
refrigeration cooler counterparts. They are very compact and they operate very quietly, which is
very beneficial in a laser system. After a very thorough analysis of both types of cooling devices,
we decided that a compact unit based on thermoelectric coolers would be the best option.

After evaluating the various requirements, a set of cooler specifications was determined. The
cooler must be capable of dissipating and removing up to 120 W of heat. This includes
approximately 80 W of heat generated by the laser head diodes when running at maximum
repetition frequency, and approximately 40 W of parasitic heat added to the coolant from the
cooling pumps themselves. The cooler must be able to provide a coolant flow rate through the
laser head of at least 1 GPM. The cooler must also be able to maintain a preset temperature (
0.1 °C) while operating in an environmental ambient temperature range of 0 to 35 °C. The unit is
to be powered by the helicopter’s on-board 28-V bus (no voltage converters are allowed) with a
maximum current load, under the hottest of conditions, not to exceed 13 A.

In order to meet the above requirements and specifications and to ensure that the system is
optimized for best performance, numerous tests and experiments had to be performed to
determine the best layout configuration and selection of parts and components. A simplified
block diagram of the compact liquid cooler is shown in Figure 3.

The primary loop is designed to remove heat from the laser head and transfer it to the heat
exchanger. The loop consists of a coolant reservoir tank (T1), a high pressure (30 ft head) 1.5-
GPM centrifugal pump (P1), a 15-micron 80-cm’ large area filter (F) to remove small
particulates, a 0.5-GPM safety flow switch (FS) which disables the laser in the event of a cooling
system failure and prevents damage to the laser head, the laser head (L), and the primary cold
plate (C1) of the heat exchanger assembly. The loop is also thermally insulated from the ambient
air in order to better provide temperature stabilization for the laser head. Additionally, no part of
the primary loop that comes in contact with the coolant contains aluminum or brass, which might
corrode and damage or destroy the laser head.
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Figure 3. Compact cooler block diagram.
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The secondary loop is designed to remove the heat from the heat exchanger and transfer it to the
ambient environment. The loop consists of the coolant reservoir tank (12), a centrifugal pump
(P2), a radiator assembly (R) that also mounts four 40-CFM encapsulated fans to ensure proper
airflow through the radiator assembly, and the secondary cold plate (C2) of the heat exchanger
assembly.

The heat exchanger assembly is designed to transfer the heat from the primary loop and place it
into the secondary loop. It consists of the primary (C1) and secondary (C2) cold plates, and six
potted thermoelectric coolers (TECs), sandwiched between the two cold plates. The primary cold
plate (C1) is a 4-pass copper tubing / aluminum block with a thermal resistance of 0.02 °C/W (at
0.75 GPM) and has a pressure drop of 2 psi at a flow rate of 1 GPM. The secondary cold plate
(C2) is a 6-pass copper tubing / aluminum block with a pressure drop of 9 psi at 1 GPM. The
TEC:s are controlled by a temperature controller, which is based on a PIC16 micro-controller,
that provides proportional bandwidth, integral gain, and derivative gain (P1D) control with a
pulse width modulated (PWM) output. It uses a thermistor temperature sensor to provide a stable
and minimal temperature variation (x 0.1 °C) of the coolant. The TEC resistance and circuit



configuration was optimized to draw a current load of no more than 7 A (at 28 V) while under a
100% load and while keeping the individual current through each TEC at about 75% of their
critical current (I), where TEC performance is optimal. Additional TEC protection against
overheating was achieved by using a secondary control sensor attached to the hot side of the heat
exchanger. The working temperature of the coolant was set to 26 °C in accordance with laser
diode manufacturer's recommendations. The system can automatically provide both cooling (in
hot weather conditions) and heating (in cold weather conditions) without user intervention.

Two different types of coolants are used for each loop. In the primary loop, a perflurocarbon
fluid is used since the laser head diodes are not designed to come into contact with water. This
fluid provides excellent flow and heat transfer characteristics and will not damage or corrode any
of the parts or components in the loop. In the secondary loop, a mixture of distilled water and
additives are used to prevent corrosion and the build up of deposits that may reduce cooler
efficiency, and to prevent freezing in the loop since the loop is exposed to the outside ambient
environment and may be subject to freezing conditions when cold air temperatures and higher
helicopter airspeeds are reached.

The cooling system’s total current consumption, while operating at all ambient conditions, is
under 10.5 A. This total consists of the TECs at 7 A, the two coolant pumps at 1.5 A each, and
the four cooling fans at 0.1 A each. The system’s average coolant flow rate is 0.75 GPM. This is
about 25% less than what is required for optimal operation of the laser diodes due to higher than
expected flow restrictions and pressure drops across the system and to the unavoidable voltage
fluctuations present in the helicopter’s 28-V power bus that directly affects pump speed and
performance. As a result, the average laser power output is about 20% less than what could be
achieved at a higher (1.5 GPM) flow rate due to the strong dependence of the diode’s output
wavelength to the diode’s operating temperature. Further improvement in the coolant flow rate,
up to 1 GPM, could be achieved by using a gear pump instead of a centrifugal pump. However,
there is a trade-off in higher current consumption, weight, and price.
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3.1.3 OPO

There are two alternatives for setting up an OPO: external cavity and internal cavity (Figure 4).
In the former case, the resonator of the OPO is separate from and is positioned outside of the
pump laser cavity. In the latter case, the OPO resonator is embedded inside the pump laser cavity
and may have some shared component with it.

OPQO Resonator
Mirrors

Pump Laser T .

Nonlinear
Optical
Crystal

(a)

Pump Laser Cavity

OPO Cavity
Pump Laser Module N -

Nonlinear
Optical
Crystal

(b)
Figure 4. External (a) and internal cavity (b) OPO configurations.

Both configurations can yield high optical conversion efficiencies. However, in our experience,
the intra cavity OPO (IOPO) configuration has greater mechanical stability and allows for a more
compact laser packaging. For this reason, we chose the IOPO configuration for our laser
transmitter design.

One disadvantage of the OPO approach is the relatively low wallplug conversion efficiency of
the laser transmitter. We estimate that approximately 0.5% of electrical power supplied to the
device is converted into the usable mid-IR output. Maximum energy output obtainable from our
OPO is close to 1 mJ per pulse which is limited primarily by optical damage threshold of various
OPO components.
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3.1.4 Crystal Selection

The choice of a nonlinear crystal is extremely important for the performance of an OPO. Among
the nonlinear crystals available for mid-infrared generation, Potassium Titanyl Arsenate (KTA)
has a number of properties that make it particularly amenable to moderate-to-high average power
OPO. Compared to its popular isomorph, potassium tytanyl phosphate (KTP), the arsenate has an
extended infrared transmission range out to 5 um. This property is extremely important for
minimizing infrared absorption and thermal effects in a high average power operation.
Additionally, KTA exhibits excellent damage resistance to high-intensity pulsed radiation.
Relevant optical and nonlinear properties of the KTA crystal are summarized in Table 1.

Table 1. Optical properties of the KTA crystal.

Crystal type Positive biaxial, point group mm?2

Transparency range 0.35—5.3 um

Damage threshold (10-ns pulses at 1064 nm) 15 J/em”

Nonlinear coefficients dy =4.74 pm/V , d3; =2.76 pm/V

Linear absorption <0.05%/cm @ 1064 nm, 1533 nm
<5%/cm @ 3475 nm

Average refractive index 1.8

The tuning range is determined by the phase-matching properties of the KTA crystal and the
specific interaction geometry. Figure 5 shows the tuning curve for a KTA crystal cut for phase
matching in the xz principal plane (x-cut). The longest wavelength achievable with this cut under
non-critical phase matching conditions (6 = 90°) is 3474 nm. Note that by cutting the crystal for
phase matching in the yz plane (y-cut), the long-wave cutoff can be extended to 3647 nm.
However the effective nonlinear coefficient for this interaction is lower compared to the xz-plane
phase-matching.

12
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Figure 5. KTA tuning curve. Phase-matching in the xz-plane. (1) idler wave,

(2) signal wave. Refractive index data are from reference [8].

The short wavelength cutoff depends of the angle & of the crystal cut and the maximum amount
of crystal rotation in the cavity. The actual crystal rotation angle required to achieve the desirable
tuning range is n, times greater than the internal angle shown in Figure 5, where n,, is the
refractive index for the pump wave (n, = 1.8). According to data shown in Figure 5, the angular
tuning rate can be very high for a crystal cut near 40°. However, operation in this angular range
results in a broad spectral linewidth of the OPO, typically on the order of several wavenumbers.
Additionally, the nonlinear coefficient is proportional to the cosine of the angle € and hence is
accordingly reduced with a lower cut angle. For these reasons, we choose to operate the OPO

with the crystal cut near 75—80°, which provides a reasonable compromise between tuning rate,
linewidth and efficiency.

3.1.5 OPO Linewidth Considerations

Laser linewidth is an extremely important parameter in laser spectroscopic applications. 1f the
linewidth of the source is too wide relative to the characteristic spectral features of the analyte,
the spectrum will not be fully resolved and a smoothing effect will occur. In atmospheric
measurement an additional implication of broad linewidth is that absorption contributions from
various atmospheric constituents may become inseparable.

To fully resolve methane and water lines in the mid-IR region, the laser source must have

linewidth better than 10™ pum. This narrow linewidth cannot by achieved by an OPO-based
source without special line narrowing techniques. Unfortunately, application of line-narrowing
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methods results in an extremely complex and sensitive system, which does not lend itself to a
compact, military-grade implementation. Consequently, we opted for a free running OPO design
that does not employ any line narrowing components. According to our measurements, for the
type-11 (0 — o + €) parametric interaction in KTA cut near & = 80° the resulting linewidth of the
OPO source is 1.2 cm™ (Gaussian o). This parameter is used in simulations of OPO beam
propagation though the atmosphere presented later in this report.

3.1.6 OPO Tuning

The frequency agility property discussed above is ultimately related to the OPO tuning method.
In this section we briefly review the theory behind the OPO tuning, and then discuss several

possible tuning methods. A selection of the angular tuning is made, and specific hardware to
implement it is discussed.

3.1.6.1 Review of the OPO Tuning Methods

Frequency agility of a laser-based remote sensor is ultimately related to the tuning rate and
tuning range of the laser source. The inherent tuning ability of the optical parametric oscillator
(OPO) makes it particularly suitable as the laser source for a multi-spectral remote chemical
sensor. However, combining a wide tuning range with a fast rate of tuning in a single device
presents a challenging technical problem. A fast, reliable tuning method is essential to the
successful implementation of the active multi-spectral remote sensor.

Various methods for frequency tuning the output of an optical parametric oscillator have been
established and discussed extensively in literature. The basic problem can be stated
mathematically as a set of two simultaneous equations:

1 1
PR
s 7
n” o (1)
_Pz_i+__i’
A, A A

where the subscripts p, s, and 7 refer to the pump, signal and idler waves, respectively; 4
represents the wavelength of light and » represents the refractive index of the nonlinear medium.
The first equation reflects the law of energy conservation in parametric interaction, while the
second equation expresses the law of momentum conservation. Tuning of the OPO is tantamount
to changing the signal and idler wavelengths, 4; and 4. According to equations (1), this can be
accomplished through changing the pump wavelength 4, and/or the refractive indices.

The majority of the tuning methods rely on a certain mechanism for changing the refractive
indices for the three optical waves interacting in the nonlinear medium. Such a change of the
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refractive indices can be effected through applying an external electric field to the crystal
(electro-optical effect), changing the crystal’s temperature or changing the direction of
propagation and polarization state in an anisotropic' nonlinear crystal. The later method is known
as the angular tuning and is most frequently accomplished by either mechanically rotating the
crystal or changing the angle of the pump beam through the crystal.

In terms of speed, the angular tuning lies between the slow temperature tuning, and the ultra-fast
electro-optic tuning. The latter method is characterized by a time constant in the nanosecond

range. However, the range of electro-optic tuning is typically limited to a few wavenumbers or
less.

Of the non-mechanical angular tuning alternatives, methods based on the use of acousto-optical
beam deflectors deserve a special mention. An acousto-optical beam deflector can change the
propagation direction of the transmitted beam by modulating it with an ultrasonic acoustic wave
inside a specially chosen crystal medium. The beam deviation angle is controlled by changing
the frequency of the electrical signal applied to the piezo-electric transducer bonded to the crystal
surface. The response time of the device is limited by the time it takes a perturbation to

propagate across the aperture of the acousto-optical crystal and is typically in the tens of
microseconds range.

An optical parametric oscillator tuned by acousto-optically rotating the pump beam is described
by Yang et al. [9] The authors used a periodically poled lithium niobate (PPLN) crystal pumped
by a 1-kHz Nd:YAG laser. To increase the pump beam angular deviation produced by the
AOTF, the authors employed a 3:1 reduction telescope positioned between the AOTF and the
OPO. The demonstrated OPO is randomly tunable from 3.2 to 3.7 pm between the shots of the 1-
kHz pump laser. An attractive feature of this tuning method is that it involves no moving parts.

Despite its advantages, the above method has a number of significant drawbacks. First, the
angular displacement of the pump beam leads to an angular displacement of the OPO output
beam. Thus, complex compensation optics must be employed to maintain a coaxial OPO output.
Additionally, part of the pump beam energy is inevitably lost due to the inefficiencies of the
acousto-optic device, thereby requiring higher power output from the pump laser. Finally, the
range of angular beam steering produced by an AOTF does not exceed a few degrees, which is
insufficient to cover the required tuning range.

Akagawa et al. have taken a different approach to the acousto-optic tuning [10]. Instead of
changing the pump beam angle, the authors used an acousto-optic tunable filter (AOTF) to
change the frequency of the titanium sapphire (Ti:sapphire) pump laser. The electronically
tunable Ti:sapphire laser was used as a pumping source for a KTP OPO. This system can
produce maximum idler output of 0.06 mJ tunable from 2.14 to 3.17 um. Unfortunately, the
complexity and size of the complete system make it an unlikely candidate for space constrained
applications.

' In an anisotropic optical medium, the properties depend on the direction of light propagation.
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In another related study, Klein et al. demonstrated a PPLN OPO pumped by a tunable ytterbium-
doped fiber laser [11]. The system delivers a tunable mid-infrared output with a peak power in
excess of 1 W. However, the OPO operates in a continuous wave (cw) mode which is not
suitable for range resolved detection. The tunable fiber laser technology is still evolving and at
present is not available commercially.

Yet another concept for using an AOTF in OPO tuning was advanced by LaSen, Inc. The idea
derives from the well-known principle of building tunable laser sources. First, a laser gain
medium with a broad gain bandwidth is selected. Then, certain wavelength selecting elements,
such as étalons, gratings, polarization filters, etc. are inserted into the laser cavity to control the
spectral output. Although not typically used in this mode, an OPO can be set up to have a broad
gain bandwidth. Such conditions occur near the so-called dispersion phase-matching point,
where the OPO gain bandwidth can be several hundreds of wavenumbers, as opposed to justa
few wavenumbers under normal conditions. By combing the wide gain OPO with an
electronically tunable spectral filter such as an AOTF, it is possible to construct an all-solid-state
OPO/tuner.

The layout of the OPO/tuner module is shown in Figure 6. The output coupler, beamsplitter and
HR-mirror form resonator for the signal wave. An AOTF inserted into the OPO resonator
provides the wavelength selection and line narrowing.
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Figure 6. LaSen’s mid-infrared OPO/tuner design based on an intracavity AOTF.

Despite its considerable potential, this configuration was not chosen as the prototype for the
implementation under the Phase II SBIR project. Two specific areas raise concerns. First,
attenuation of the signal wave by the AOTF will result in an increase of the OPO threshold.
Thus, a higher energy pump source is required to pump the OPO thereby making the device
more susceptible to optical damage problems. Second, the dispersion phase matching point in a
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KTA crystal occurs near the idler wavelength of 4.2 um which is close to the edge of the crystal
transmission region. Although these technical challenges can be potentially overcome, in the
interest of expediting the progress towards a fieldable system, it was deemed necessary to look
for a less risky technical approach.

3.1.6.2 Angular Tuning of the OPO

Mechanical crystal rotation is by far the most frequently used method of OPO angular tuning.
The tuning range, speed and accuracy achievable with this method depend on the specific type of
the actuator used to rotate the crystal. As an example, consider the tuning mechanism used in
LaSen’s Lidar Il system (Figure 7). Wide-range angle positioning is accomplished via a
precision rotation stage (National Aperture MM-3M-R model) driven by a brush-type DC motor.
The rotation stage is equipped with a position encoder, which provides the feedback signal for
the servo control loop. This method of tuning allows for excellent precision and repeatability,
albeit at a slow rate. The fast switching between the on-line and off-line required for the DIAL
method is accomplished by LaSen’s proprietary piezo-driven angle shifter. The piezo-tuner can
change the crystal’s angular position by up to 5 mRad in less than 10 ms. This angular shift is
equivalent to the wavelength shift of about 5 cm™ which gives a sufficient spectral separation
between the on-line and off-line pulses in a typical methane measurement. Unfortunately, with
the piezo-actuator design it is not possible to increase the tuning range by much without
sacrificing speed.

Servo controlled Piezo driven
rotation stage 3 angle shifter

Crystal mount

Figure 7. Opto-mechanical angular tuner used in LaSen’s Lidar I system.

It is highly desirable to develop a tuning mechanism that would combine the wide range of
tuning achievable with rotation stages with the speed of piezo-actuator technology. These
properties are indeed found in galvanometric scanners. Such scanners are widely used for beam
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steering applications requiring high speed and accuracy. A typical scanner has a mirror mounted
to the rotor shaft. For the OPO tuning application, the mirror would be replaced with a crystal in
an appropriately designed mount (see Figure 8). A scanner also includes a certain type of
position sensor that provided a feedback signal for the servo loop control.

Crystal
in a mount

Servo
controller
\\

“

Galvanometer
scanner

Figure 8. A high speed OPO angular tuner using a galvanometric scanner.

3.1.6.3 Crystal Mount Design and Moment of Inertia

Before addressing the selection of a galvanometer for OPO tuner implementation, we must
consider the mechanical characteristics of the expected load. The ability of a galvanometer to
swing a load such as a mounted crystal is ultimately dependent on the inertial characteristics of
the load. The best performance of a galvanometer system typically exists when the moment of
inertia of the load is approximately the same as the rotor inertia, specified as a balanced load.
Torque is being wasted on the rotor if a small load is placed on a large rotor. Conversely, a small
rotor cannot deliver enough torque to drive a large load. Besides, matching the inertia of load,
the mounting structure should be mass balanced with low inertia with respect to the moving axis
and relatively rigid and stiff to properly support the optics. Thus, it is necessary to calculate the
combined moment of inertia of a KTA crystal with a suitable mounting structure.

For calculating the moments of inertia, two sizes of KTA crystals were considered. Table 2

shows the combined moments of inertia of the crystal and mount assembly for different choices
of material for the mount.

18



Table 2. Calculated moment of inertia of KTA and mount assembly

Materials of Moments of inertia of the crystal mountings (gm-cm?)
Interest 5x5x15-mm KTA 6 x 6 x 15-mm KTA
Magnesium 0.489 0.667
Beryllium 0.503 0.683
Aluminum7075-T6 0.615 0.818
Titanium 0.823 1.069
S. Steel 1.221 1.546

Mechanical design of a rigid crystal mount possessing a low moment of inertia is shown in
Figure 9.
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Figure 9. Mechanical design of the KTA crystal mount.

19



3.1.6.4 Galvanometric Tuner Characteristics

Based on the moments of inertia of the crystal mounting assemblies, we selected the
galvanometer scanner model LBS-6124 manufactured by Lasesys Corp. (Santa Rosa, CA) This
device has rotor inertia of 1.0 gm-cm?, and maximum scan angle of +10° (mechanical). The
company also provided the servo control board SCA-754 for the selected galvanometer model.
Based on the specified load requirements, the manufacturer performed laboratory tests to
calibrate the performance of the selected galvanometer. The first parameter assessed in the tests
was the motion capability with step-and-settle tuning.

The step-and-settle tuning application is used when the KTA crystal is rotated rapidly from one
position to another and the optical system is being utilized only at the ends of motion. The
purpose of the test was to determine for each crystal size the highest step rate capability to move
the crystal through small angles and to settle to within specified error bands. The operational
conditions considered were every combination of step sizes of 0.75, 1.5, and 3 degrees, and
settling to within £0.003, £0.01, and +£0.03 degrees of the final positions.

The selected galvanometer system was operated in the closed-loop configurations with the built-
in position feedback sensors and servo controllers. Closed-loop servo controlled galvanometers
maintain absolute positions by using feedback signals from the position sensors to dampen the
natural oscillations of the galvanometers. When a galvanometer is being commended to a
constant position in a step-and-settle tuning mode, the deflector will be still moving slightly in
the axis of rotation, due to noise existing in the position sensor and servo control electronics. A
step response is completed when the scanner enters the command position and stays within the
setting tolerance, centered on the final position. The step time, or the step plus settling time, is
commonly measured from the initial starting of the command waveform to the first instance
when the settling tolerance is achieved.

The manufacturer performed several laboratory tests to calibrate the step times of the LBS-6124.
The load used during the calibration is a steel chunk with inertia 0of 0.923 gm-cm?. The tests were
conducted by driving the galvanometer with command waveforms of single amplitude and
frequency and the results are listed in Table 3.

Table 3. Step-and-settle tuning response for the LBS-6124 galvanometer.

Step Step Accuracy
Angeles Time (Deg.)
(Deg.) (usec)
0.75 688 +0.005
1.50 784 +0.015
3.00 952 +0.030

Since the KTA crystal tuning is applied for its transmission application, the step angles used for
conducting the step tuning tests are the mechanical peak-to-peak angles of excursion. The step
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response time is defined as the transitional time of the galvanometer’s response from 10% to
90% of its peak value. The step time is measured from the initial arrival of the command signal
to the first instance when the galvanometer enters and stays within 1% of the final commanded
position. The 1% settling tolerance is widely used by the scanner manufacture to measure the
step time of their scanners. According the test results, there is a difference, approximate 200
usec, measured from the initial arrival of the command waveform to the initial motiona<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>